Abstract-Platelet hyperactivity associated with hyperlipidemia may contribute to development of a prothrombotic state.
C
D36 is an integral membrane protein expressed on monocytes/macrophages, 1 platelets, 2 microvascular endothelium, 1 fat, and muscle. 3, 4 Although initially identified as a receptor for thrombospondin-1 and malaria-infected erythrocytes, 5, 6 it is now known to be a class B scavenger receptor that recognizes several unrelated ligands, including thrombospondin-1 and -2, 7, 8 oxidized phospholipids expressed on oxidized low-density lipoprotein (oxLDL) and apoptotic cell surfaces, 9,10 long chain fatty acids, 11 amyloidogenic peptides, 12 and specific components of microbial cell walls or cell surfaces. 13 CD36 is involved in a variety of biological processes including lipid metabolism, inflammation, atherosclerosis, and angiogenesis, depending on the nature of the ligand to which it is exposed and the cell or tissue type on which it is expressed. 14 Although CD36 was first isolated and structurally characterized from platelets, 2 its functional role on platelets remains incompletely characterized. OKM5, a monoclonal antibody directed against CD36, was observed many years ago to induce platelet activation and aggregation. 15 Although the effect was dependent on expression of Fc receptors, it could be blocked by F(abЈ) 2 fragments of the antibody, suggesting that the CD36 epitope was required and that CD36 may transduce platelet activating signals. Many other CD36 monoclonal antibodies have also been shown to have stimulatory effects on platelets. 16 Our group in collaboration with others recently showed that platelets bind oxLDL via CD36 and this interaction leads to platelet activation, contributing to a prothrombotic state in the setting of hyperlipidemia. 17 However, the mechanisms by which interactions between CD36 and its ligands activate platelets remain unknown.
It is now well established that despite having very short intracytoplasmic domains, CD36 can serve as a signaling molecule. Antibodies to platelet CD36 were shown to coprecipitate the nonreceptor protein tyrosine kinases Fyn, Lyn, and Yes. 18 Studies in other cellular systems have linked the signaling function of CD36 to recruitment/activation of src family kinases and activation of specific mitogen-activated protein (MAP) kinases. For example, on microvascular endothelial cells, thrombospondin-1 induces a CD36-dependent antiangiogenic, proapoptotic signal via activation of Fyn, caspase-3, and p38 MAP kinase. 19 On macrophages, exposure to oxLDL leads to recruitment of Lyn and activation of c-Jun N-terminal kinase (JNK)2 in a CD36-dependent manner. Inhibition of JNK resulted in significant reduction in uptake of oxLDL and foam cell formation. 20 These studies suggest a context-dependent mechanism for CD36 signaling involving specific src and MAP kinases. In platelet biology, MAP kinases have not been studied in detail, although it has been demonstrated that the P2Y 1 ADP receptor activates p38 MAP kinase, and p38-deficient mice have prolonged thrombotic occlusion time in a ferric chloride (FeCl 3 )-induced thrombosis model. 21, 22 We, thus, hypothesized that CD36-mediated platelet activation might involve specific members of the src and MAP kinase families.
CD36 recognizes a variety of pathological ligands including oxLDL, 23 advanced glycation end products, 24, 25 apoptotic cells, 26, 27 and cell-derived microparticles. 28 We focused on oxLDL because of its essential role in the pathogenesis of atherosclerosis and the known association of oxidative stress, hyperlipidemia, and a prothrombotic phenotype. 17, 29, 30 In studies outlined here, we identified a CD36-dependent signaling cascade responsible for oxLDL-dependent activation of platelets that includes the src kinases Fyn and Lyn, the upstream MAP kinase kinase (MKK)4, and the MAP kinase JNK2. These data indicate that a CD36-dependent signaling pathway is required for activation of platelets by oxLDL and shed new light on the mechanism of platelet hypersensitivity in the setting of atherosclerosis and/or hyperlipidemia.
Materials and Methods
All human studies were carried out in accordance with Cleveland Clinic IRB and with informed consent from each donor. All animal studies were carried out with prior approval by the Cleveland Clinic IACUC, and mice were cared for in a facility fully accredited by AALAC and in accordance with all federal and local regulations.
Native LDL (nLDL) and oxLDL were prepared as described previously. 20 Whole blood was collected from healthy human volunteers in 0.109 mol/L sodium citrate (1:9 dilution), and platelets were separated by sedimentation, washed, and resuspended in modified Tyrode's buffer. CaCl 2 and MgCl 2 were added immediately before platelets were stimulated with various agonists and the activated platelets were analyzed by flow cytometry. Human or murine platelets were lysed, and 40 to 60 g of lysate protein was used for immunoblotting analysis of phosphorylated JNK, total JNK, phospho-MKK4, and MKK4. In some studies, precleared lysates containing 500 g protein were incubated with protein A-agarose beads conjugated to anti-Lyn or anti-CD36 IgG overnight at 4°C. Beads were washed, boiled in 2ϫ SDS-PAGE loading buffer, and bound material was analyzed by immunoblotting.
Blood from wild-type (WT), apoE-null, or apoE/cd36 double-null mice maintained on chow or high-fat diet for 3 months beginning at 6 weeks of age was obtained by cardiac puncture after animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Platelets in platelet-rich plasma were allowed to adhere to silanized slides (DAKO, Carpinteria, Calif), and then double immunocytofluorescence staining was performed using antibodies to phospho-JNK and CD41. Images were obtained with a laser confocal microscope. In some studies, platelets were lysed and analyzed by immunoblot for JNK activation. Li-Cor Odyssey infrared imaging system was used for signal detection and quantification.
Carotid artery thrombosis was induced in 12-week-old male WT and cd36-null mice by topical application of 12.5% ferric chloride as previously described. 17 After the vessel was allowed to become completely occluded, the carotid arteries were removed, sectioned (4 to 6 m) across the thrombi, and analyzed by immunohistochemistry using an antibody to phospho-JNK. For quantification, images were scored on the basis of staining intensity by a blinded observer (0 indicated negative; 1, weak; 2, moderate; 3, intense). 31 In some studies, thrombi were dissected away from the vessel wall and pooled (9 per group), and total protein was extracted for analysis by immunoblot.
To study the effect of JNK in thrombosis in vivo, WT or CD36-null mice were exposed to 11Gy of external beam irradiation from a cesium 137 source to induce thrombocytopenia with platelet counts Ͻ5% of normal after 5 days. 17 Platelets obtained from syngeneic donor mice were labeled with calcein acetoxymethyl ester (final concentration of 0.5 mg/mL) in the presence or absence of the JNK inhibitor SP6000125 (final concentration of 400 nmol/L for 30 minutes). This dose is the minimum active dose and was chosen to avoid potential off-target effects. A total of 2ϫ10 9 donor platelets were injected through the jugular vein of thrombocytopenic mice 10 minutes before carotid injury with 12.5% FeCl 3 to allow the transfused platelets to reach equilibrium in the circulation. For further details, see the online data supplement, available at http://circres.ahajournal.org.
Results oxLDL Induces Phosphorylation of JNK2 and MKK4 in Platelets
Previously, we showed that oxidized LDL formed in the setting of hyperlipidemia and oxidant stress binds platelets and promotes platelet activation via CD36 (also see Figure I in the online data supplement) 17 ; however, the underlying mechanism by which platelet CD36 transduces signals and contributes to platelet activation is unknown. Because CD36 signaling in a variety of cell types involves MAP kinases, and we recently showed that the specific MAP kinase JNK was a key component of a macrophage CD36-initiated signaling cascade induced by oxLDL, 20 we investigated whether JNK was involved in platelet CD36 signaling induced by oxLDL. We assessed the phosphorylation state of JNK by immunoblot and found that human platelets exposed to oxLDL (50 g/mL) but not nLDL, had a 3-to 5-fold increase in phosphorylation of JNK2 and its upstream activator MKK4 ( Figure 1A ). Phosphorylation was time-dependent ( Figure  1B) , with detectable levels after 1 minute and reaching maximum by 15 minutes. At these time points, neither nLDL nor buffer alone effected JNK phosphorylation (data not shown). JNK phosphorylation was also concentrationdependent ( Figure 1C ). Concentrations as low as 5 g/mL were effective at activating JNK, with a maximal effect seen at 25 g/mL. Treatment of platelets with an RGDS peptide (1 mmol/L) to block fibrinogen binding, or the ADP scavenger apyrase (0.5 U/mL), did not block JNK activation by oxLDL, indicating that phosphorylation was not dependent on outside-in integrin signals or secreted ADP ( Figure 1D ).
Elevated Levels of Platelet JNK Phosphorylation In Vivo Are Associated With Hyperlipidemia and Are CD36-Dependent
We recently identified specific oxidized phospholipids in oxLDL that serve as high-affinity ligands for CD36. 9 These oxidized lipids are present in the plasma of "western diet"-fed mice rendered hyperlipidemic by genetic deletion of apoE and transduce prothrombotic signals in a CD36-dependent manner. 17 To characterize these signals, we isolated plateletrich plasma from WT, apoE Ϫ/Ϫ , and apoE Ϫ/Ϫ ;cd36 Ϫ/Ϫ mice fed normal chow or high-fat western diets and examined the platelets by immunofluorescence microscopy for the presence of phospho-JNK. As shown in Figure 2A and 2B, there was minimal phospho-JNK2 expression in resting platelets from WT mice fed a chow diet. Platelets from apoE Ϫ/Ϫ mice on chow diet showed a modest increase in JNK phosphorylation, whereas platelets from apoE Ϫ/Ϫ mice on the western diet showed a marked increase in phospho-JNK staining (PϽ0.001 compared with those from either of the chow fed strains). Diet-induced JNK phosphorylation was completely eliminated in apoE Ϫ/Ϫ mice that were also deficient in CD36. Flow-cytometric analysis of platelets in suspension confirmed that those from apoE Ϫ/Ϫ ;cd36 Ϫ/Ϫ mice on a western diet had significantly lower levels of phospho-JNK than those from apoE Ϫ/Ϫ mice on a western diet (nϭ3, PϽ0.05, data not shown). As additional confirmation, we also examined the level of phospho-JNK by immunoblot ( Figure 2C ) and found an increase in platelets from apoE Ϫ/Ϫ mice on a western diet compared with platelets from apoE Ϫ/Ϫ mice on chow diet. The increase was not seen in platelets from apoE Ϫ/Ϫ ;cd36 Ϫ/Ϫ mice on a western diet. These data demonstrate that the interaction between endogenous oxidized lipid ligands and CD36 triggers a signaling cascade leading to JNK activation in platelets.
oxLDL-Induced JNK2 Phosphorylation Is Mediated By src Family Kinases
The mechanism by which oxLDL induces JNK phosphorylation was assessed using a panel of specific pharmacological inhibitors. Pretreatment of platelets with the broad spectrum src kinase inhibitor AG1879 blocked oxLDL induced JNK2 activation, whereas the phosphatidylinositol 3-kinase inhibitor LY294002 and the broadly active PKC inhibitor GO6983 had no effect ( Figure 3A) . These data suggest that JNK activation is downstream of src family kinases and independent of PI3K or PKC signaling pathways.
Ligand-Induced Recruitment of Fyn and Lyn Kinases by Platelet CD36 Is Essential for oxLDL-Induced Signaling Events
Previous studies demonstrated that the specific src family kinases Fyn, Lyn, and Yes were coprecipitated from platelet membrane lysates with anti-CD36 antibodies. 18 In addition, Fyn and/or Lyn has been shown to be involved in CD36-initiated signaling, leading to MAP kinase activation in macrophages, microglia, and endothelial cells. 19, 20, 32 These studies suggest that the association between CD36 and Fyn and/or Lyn may have a functional role in CD36-mediated signaling in platelets. To test this hypothesis, we performed immunoprecipitation with anti-CD36 monoclonal antibody FA6 and examined the precipitates for the presence of src kinases and their activation state. The amounts of Fyn and Lyn in CD36 immunoprecipitates were markedly increased on oxLDL treatment ( Figure 3B ). Src family kinases have 2 tyrosine phosphorylation sites; phosphorylation in the activation loop increases kinase activity, whereas phosphorylation in the C terminus renders the kinases inactive. We used an antibody specific to the phosphotyrosine in the activation loop and found that Fyn and to a lesser extent Lyn recruited to CD36 after oxLDL exposure were in the "active" state ( Figure 3B ). In contrast, oxLDL did not increase the total amount of active tyrosine phosphorylated Fyn or Lyn in the non-CD36-associated fraction (data not shown). We also performed immunoprecipitation with anti-Lyn antibody and probed the tyrosine phosphorylation state with a phosphotyrosine specific antibody 4G10 and found that there was no significant increase in total Lyn tyrosine phosphorylation after exposure to oxLDL ( Figure 3C ). In sum, these data suggest that recruitment of activated Fyn and Lyn to CD36 in response to oxLDL is a key step in CD36-mediated signaling leading to JNK2 phosphorylation.
oxLDL-Induced Activation of Platelets In Vitro Is Mediated by JNK and src Family Kinases
We next used pharmacological inhibitors to study the functional role of JNK and src kinases in oxLDL-induced platelet activation, using a flow cytometric-based assay for surface exposure of P-selectin as a marker for platelet activation. We found that specific pharmacological inhibition of JNK by SP600125 markedly reduced platelet activation in response to oxLDL (Ϸ40% inhibition) ( Figure 4A ). The inhibitor had minimal effect on platelet activation by other agonists as exemplified by ADP or TRAP (SFLLRN) (Figure 4B and 4C). We also found that inhibition of src family kinases by AG1879 blocked oxLDL-induced platelet activation (Ϸ55% inhibition) ( Figure 4D ). These results show that JNK and src family kinases are required for oxLDL-induced platelet activation and suggest that JNK is specific to oxLDL-initiated platelet signaling.
CD36-Dependent Activation of JNK Promotes In Vivo Thrombus Formation
To determine whether JNK signaling occurs during thrombosis in vivo, we performed immunohistochemical analysis of carotid artery thrombi induced in mice by FeCl 3 injury using a specific antibody for phospho-JNK. As shown in Figure 5A , phospho-JNK was detected in thrombi from both WT and cd36 Ϫ/Ϫ mice. The staining intensity, however, was significantly lower (Pϭ0.003) in thrombi from cd36 Ϫ/Ϫ mice, suggesting that CD36-mediated JNK signaling occurred during thrombus formation in vivo ( Figure 5B ). As an alternative approach to quantify phospho-JNK levels, we dissected carotid artery thrombi from WT and cd36 Ϫ/Ϫ mice and examined pooled lysates from 9 thrombi in each group by immunoblot. Thrombi from cd36 Ϫ/Ϫ mice had Ϸ16% less phospho-JNK than those from WT mice (supplemental Figure II) . These data suggest that CD36 contributed to JNK phosphorylation during thrombus formation in vivo.
Platelet JNK Inhibition Prolonged Time to Thrombosis in a CD36-Dependent Manner
To define the functional effect of JNK signaling in thrombosis, we transfused platelets pretreated with the JNK inhibitor SP600125 into mice rendered severely thrombocytopenic by irradiation and then monitored carotid artery thrombus formation in vivo in response to injury with 12.5% FeCl 3 . As shown in Figure 6 , inhibition of platelet JNK significantly prolonged the time to thrombosis in mice transfused with WT platelets (2-sample t test, Pϭ0.01) but had no effect in mice transfused with cd36 Ϫ/Ϫ platelets (2-sample t test, Pϭ0.37). Supplemental Figure III shows representative fluorescence images from these studies. These data strongly suggest that CD36 mediated JNK signaling promotes platelet activation and thrombus formation in vivo.
Discussion
Earlier studies demonstrated that engagement of platelet CD36 with oxLDL in vitro or with endogenous oxidized phospholipid ligands generated in vivo under hyperlipidemic conditions induced platelet activation, 17, 33, 34 but the mechanisms by which platelet CD36 acts as a modulator of platelet activity have not been defined. The studies reported here identify the MAP kinase JNK2 as a critical mediator of CD36-dependent platelet signaling. Our work also sheds light on the specific mechanisms linking CD36 and JNK. Earlier studies demonstrated that antibodies to platelet CD36 coprecipitated Fyn, Lyn, and Yes, suggesting a physical association with these nonreceptor protein tyrosine kinases. 18 Consistent with this work, we showed that pharmacological inhibition of src kinases abolished CD36-dependent JNK2 phosphorylation and subsequent platelet activation ( Figures 3A and 4D) . Furthermore, we showed that the active phosphorylated form of Fyn and Lyn were recruited to CD36 on oxLDL treatment ( Figure 3B ). There was no change in the levels of active Fyn or Lyn in the fractions not associated with CD36 (data not shown). These studies, thus, suggest that CD36 functions to assemble a signaling complex in a ligand-dependent manner.
Using apoE-null mice fed a high-fat western diet as a model of hyperlipidemia and oxidant stress, we showed that the CD36 signaling pathway was activated in vivo, leading to increased basal levels of JNK phosphorylation in resting platelets (Figure 2) . With mesenteric and carotid thrombosis models, we previously demonstrated that the time to thrombotic occlusion after induction of injury was significantly shorter in hyperlipidemic apoE-null mice than in WT mice. 17 This hyperlipidemia-induced prothrombotic phenotype was rescued by genetic deletion of CD36 in the apoE-null background. We, thus, hypothesized that the increased basal JNK activity contributed to CD36-dependent platelet hyperreactivity associated with hyperlipidemia. 26 We also showed with a carotid injury model in chow-fed mice that phosphorylation of platelet JNK during thrombus formation in vivo was, in part, CD36-dependent and that pharmacological inhibition of platelet JNK produced a significant antithrombotic effect, supporting a role for the CD36-JNK signaling axis even under nonhyperlipidemia conditions (Figures 5 and  6 ). These latter studies suggest that CD36 ligands are generated during arterial injury and are consistent with recent data from our laboratory showing that cd36-null mice are less sensitive to carotid injury (ie, have longer times to thrombo- Figure 3 . Recruitment of src family kinases to platelet CD36 is essential for oxLDL-mediated signaling. A, Human platelets were incubated with the JNK inhibitor SP600125, src inhibitor AG1879, PKC inhibitor GO6983, or PI3K inhibitor LY294002 for 30 minutes before incubation with 50 g/mL oxLDL. The platelet lysates were then analyzed by immunoblot as in Figure 1 for JNK phosphorylation. B, Platelets were incubated with oxLDL or nLDL and then lysed. CD36 was precipitated by FA6 anti-CD36 IgG. Precipitates were analyzed by immunoblot with antibodies to CD36, phospho-src (Y416), Fyn, and Lyn. C, Platelets were incubated with 50 g/mL oxLDL or nLDL and then lysed. Lyn was immunoprecipitated from lysates, and the precipitates were analyzed by immunoblot with a phosphotyrosine antibody (4G10) and Lyn antibody. sis). 28 The nature of the CD36 ligands remains to be defined, although recent studies suggest that endothelial cell-derived microparticles could function in this capacity. 28 Our findings are consistent with recent studies from other laboratories showing that MAP kinases, including JNK, have a significant role in platelet biology. [35] [36] [37] [38] [39] Pharmacological inhibition of JNK in a model of arteriolar and venular thrombosis in mice suggested a role in arteriolar but not venular thrombosis. 39 It was recently demonstrated that JNK was activated after thrombin exposure and during collageninduced platelet aggregation. 39, 40 In the latter process, ADP release was required for JNK activation, although ADP alone was not sufficient to induce JNK activation. In contrast, we demonstrated that oxLDL-induced JNK activation was not dependent on ADP release ( Figure 1D ). Integrin outside-in signaling was also not required for JNK activation induced by oxLDL, suggesting oxLDL-platelet interactions directly trigger the signaling cascade. We also showed that although pharmacological inhibition of JNK blocked platelet activation by oxLDL, it did not inhibit ADP-or TRAP-induced activa- tion ( Figure 4A through 4C) , suggesting that JNK may be specific to CD36 signaling. Our studies (data not shown) and those of others have shown that another member of the MAP kinase family, p38, is phosphorylated in platelets after exposure to oxLDL. 33, 41, 42 Whether p38 and JNK work synergistically or independently in the process of platelet activation by oxLDL remains to be determined. The precise function of JNK in platelet biology also remains to be determined. It is known to be involved in a wide variety of diverse cellular processes through transcription-dependent and transcriptionindependent mechanisms. Because platelets are anucleate cells, it is unlikely that JNK action would be transcriptiondependent. It will be important to define substrates of JNK in platelets to further define its functional role.
Several studies have shown that LDL subjected to various methods of in vitro oxidation, including by exposure to metal ions or hydrochlorous acid, can influence platelet function. [41] [42] [43] [44] Our data clearly identify a central role for the interaction of CD36 with specific oxidized phospholipids within oxLDL in platelet signaling. CD36-specific ligands are generated when LDL is oxidized in vitro and in vivo and have been shown to accumulate in atherosclerotic plaque and to circulate in the blood of patients with hyperlipidemia and atherosclerosis. 29, 45, 46 oxLDL, however, is a complex particle and can contain a variety of biologically active lipids other than CD36 ligands, including lysophosphatidylcholine, platelet-activating factor, lysophosphatidic acid (LPA), and 9-and 13-HODE. 47 The role of these other lipids in JNK activation remains unknown. Others have shown that LPA in oxLDL can induce platelet shape change via a specific G proteincoupled LPA receptor. 44, 48 The signaling pathways triggered by LPA involve tyrosine phosphorylation of specific proteins including Syk and an increase of cytosolic Ca 2ϩ . 49, 50 It is also possible that LPA or platelet-activating factor receptors may work in a synergic way with CD36 and contribute to JNK activation.
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